INTRODUCTION
Recently, particular emphasis has been placed upon problems of ioniccoordination polymerization of diene hydrocarbons in connection with their use in directly regulating composition and structure of polymer chains. The investigation of these processes, especially those proceeding under the infiuence of complex catalysts containing various transition metals, is connected with considerable principal and experimental difficulties.
The results of polymerization investigations proceeding in the presence of alkalimetals and their organo-compounds may be regarded as an approach leading to the understanding of some of the principal sides of these systems. Organo-compounds are more simple systems, though they embrace a wider range of phenomena allowing a certain variation of structure in the active centres and, consequently, a realization of various types of monomer coordination in polymer growing chains. In this sense they can serve simplified models of more complicated catalytic systems.
NATURE OF ACTIVE CENTRES IN THE POLYMERIZATION PROCESS IN PRESENCE OF ALKALI METAL COMPOUNDS
A considerable amount ofwork has been dedicated to the investigation of these problems. In particular, some general problems connected with the nature of active centres in polymerization of styrene, butadiene and isoprene have been consideredl, 2. It has been found that the main polymerization peculiarities of this type may be shown by the following scheme: 
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In the first type it is assumed that the charges are altogether divided into a carbanion and a positive alkali metal ion, a coulombic interaction (ionic pair) being preserved between them. This is an anionic type of the process.
In the second type Me-Cis a polarized bond, and both Me-C bond components participate in chain growth (coordination type). Real alkali metal catalysed polymerization processes contain elements of both interaction types. However, "polarized bond" is a more general notion because the first type can be considered as a particular case of the second one, namely that when the degree of bond polarization reaches its extreme state. The ratio of these two types must depend on the nature of the metal and the medium properties.
Experimental investigations of polymerization kinetics of butadiene and changes in microstructure of polybutadiene with various compounds of Li, Na and K in different media have confirmed the existence of this dependencel-7. It was also shown that the change of polymerization kinetics, polymer microstructures and copolymer composition is directly connected with different structures of active centres of polymerization chain growth.
However, the application of direct physical methods has only recently led to a distinct exposure of these differences. Thus, for instance, according to the data obtained from investigation of U.V. spectra of "living" polymers of styrene, butadiene and isoprene, a maximum absorption band, Amax, corresponding to Me-C bond, varied only slightly in these systems with change of alkalimetaland medium properties2, 7, s.
However, while investigating U.V. spectra of compounds of triphenyl methyl, 1, 1-diphenyl butyl2, 8, 9, 10, fluorenyl and alkyl-9-anthracenyl with alkali metals a considerable shift of absorption bands together with a variation in intensity with change of metaland medium were discovered. Moreover, it was assumed that the absence of inftuence of metal and medium properties on U.V. spectra ofmetalorganic compounds ofpolystyrene, polybutadiene and polyisoproprene was due to their association.
Thus, for example, in the case oflithium organic initiators at [LiR] ~ I0-3 molefl., associates of these molecules predominate. The latter are inactive in polymerization but, due to a comparatively high concentration, they determine the spectra character2, s.
In the case of polynuclear metalorganic compounds the processes leading to association are sterically inhibited; the concentration of non-associated molecules is increased which Ieads to a considerable shift of absorption bands.
To study the nature of Me-C bond in growing non-associated chains in the Karpov Physico-Chemical Institutewehave measured U.V. spectra at concentration prevalence of these forms, i.e., in accordance with other work4, 5, 6, 7 at [LiR] < 10-5 mole/1.
In order to study absorption spectra of Iithium polystyrene under these conditions a completely sealed quartz cell with absorption layer thickness r--' 10 cm was used instead of an ordinary 1 mm cell. The cell walls were first washed with LiEt solution and then with a solvent. It was found that by changing the concentration of Iithium polystyrene in toluene from I0-3 to < I0-5 mole/1, Amax is shifted from 330 m[.L to318mf1- (Figure 1, curves 1, 2) .
At the transition of associates to monomer (non-associated) forms, Amax is found to shift into a short wave region. As associate stability decreases due to steric difficulties, the relative monomer form content is increased and the corresponding ~max occurs at higher concentrations.
Thus, for Li-poly-a-methyl styrene solution in benzene a shift of Amax from 338 to 324 IDJ.L occurs at [LiR] ::( 10-4 molejl. (Figure 1, curves 3 0·6   0·4   0·2   280  300  320  340  360  380 400 A.,mp. [LiR] ~ I0-5 molejl. Only when the temperature drops to-soc C, which favours association, Amax is a transition from 410 m(.L to 435 ID(.L observed, which corresponds to associates spectra ( Figure 2 , curve 2) 11. Since the association displaces "max in the direction of long waves, in the same way as electron-donor solvents, we assume that it similarly increases C-Me bond polarization.
The available U.V. spectra data confirm the previously stated assumption that, in hydrocarbon media, the Me-C bond in "living" polymers of polystyrene andin polydienes is polarized and not an ionic pair. Considerable experimental data on polymerization kinetics, summarized in ref. 3 , and also data on polybutadiene microstructure in the presence of various alkali metals in different media 1 • 2 indicate wide possibilities for these processes in changing polydiene microstructures and process kinetics by varying the alkali metal and .media properties. As a result of work on U.V. spectra 8 , polymerization kinetics and polymer microstructures in the case of butadiene polymerization initiated by alkali metals compounds in various media2, 12 , it has been shown that co-ordination polymerization proceeds not only in hydrocarbon solvents, but also in electron-donating media. This evidently takes place only at low degrees of solvation of "counterions" (probably monosolvates), i.e., when a covalent interaction between conventional "ion" and "counterion" is retained to a certain degree. The corresponding data on U.V. spectra of 1, 1-diphenyl butyllithium are shown in Table 1 . According to the data8, 2 and Table 1 , Me-C bond polarization, when the hydrocarbon solvent is replaced by an electron-donor one, is accompanied by a .shift in region of Ionger waves. It also follows from Table 1 that in TEA medium or in the presence of small THF additions in hydrocarbon medium, "counterion" solvates with small degree of solvation (probably LiR + THF) are formed which give a Amax of ,_, 440 mfl.
The THF concentration increase or temperature decrease, which promote solvation, Iead to a Amax shift into the long wave region of the spectrum as a result of solvate formation with higher degree of solvation (probably disolvates LiR + 2 THF). Amax reaches its extreme value: Amax = 490 m(.L in THF solution at 25°C andin hexane solution with 0·3 per cent THF at -80°C. Some time later the increase of solvation degree at temperature decrease was obtained 13 for f:l.uorenyl Iithium in THF medium.
Proceeding from general considerations we assume that the solvate quota of "counterion" with high degree of solvation should increase in sequence 406 POL YMERIZATION OF DIENE HYDROGARBONS K < Na < Li, i.e., in accordance with their electron-acceptor properties (small ionic radius, low vacant orbits). The increase of solvating ability of the solvent electron-donor compound concentrations and the decrease oftemperature also contribute to the formation ofsolvates with a high degree of solvation. It was indicated earlierl, 2 that in hydrocarbon solvents with small THF additions the microstructure of polybutadiene chains obtained with Iithium and sodium initiators at -50°C differs little from the microstructure of polymers obtained in pure THF medium, where 1,2-structure content in polybutadiene chains comprises 90 per cent.
In polymerization of organo-potassium compounds (KR) under analogous conditions, results differing from LiR and NaR are obtained. It was recently shown 12 that, in the presence of 45 per cent THF at -50°C, about 34 per cent of 1,4 structures arestill present in polybutadiene chains. This indicates the existence of co-ordination type reactions in the processes of chain growth.
In the case of butadiene polymerization in the presence of KR, an interesting phenomenon of the absence of correlation between process rate changesandpolymer chain microstructure was discovered. The corresponding data are shown in Table 2 . Thus, at small additions of THF ( ,__, 5 per cent) to hydrocarbon medium, polybutadiene microstructure is comparatively little changed while polymerization rate is increased almost by 30 times ( experiments 2 and 7). THF concentration change from 0·7 to 44 per cent Ieads only to a small microstructure change from 44·2 to 34·1 per cent. Therateconstantin thesameTHFintervalchangesfrom4 X 10-3to8 X 10-1 l.Jmole-sec. These data lead to a probable conclusion that the polymerization rate increase in the given THF interval is not the result of the increase of the degree of "counterion" solvation, but it is due to the increase of the number of solvated centres. Among the latter such monosolvates prevail, the monomer Co-ordination order being the same. The source from which solvated centres of growing chain active group are formed at THF introduction into hydrocarbon medium, are apparently potassium-polybutadiene associates. According to previous data obtained in our laboratory, these species prevail in the initial hydrocarbon medium, the concentration of non-associated chains being very low. In other words, the equilibrium centre associates ~ non-associated centres is greatly shifted to the left.
With butadiene polymerization with KR initiators if 45 per cent THF is added to a hydrocarbon medium, mainly solvated "counterions" with a low degree of solvation (monosolvates) are formed from associates. We suppose that analogaus phenomena (monosolvate formation) should take place during the same process at relatively high temperatures, but in pure THF medium.
In fact, it has been shownl4 that under these conditions but at :> 10°C co-ordination orders (according to 1,4-structure content in polymer chains) in both cases do not widely differ ( Table 2 , experiments 10, 15 and 16). On the contrary, polymerization rates differ widely.
These facts show that the process rate and polymer chain structure are determined by various parameters. These parameters depend on the ability of alkali metal "cations" to form solvates and to interact with a "carbanion".
In thc case of butadiene polymerization at low temperatures with KR initiators the absence of great inftuence ofTHF additions (up to 45 per cent 407 THF) on polybutadiene microstructure and a sharp influence on process rate were observed. These phenomena were explained by the fact that THF additions Iead to the formation of single polymer chains from associates which are active in polymerization, as a result of which the polymerization rate is increased. However, "counterion" solvation degree is small (monosolvates), and as a result of vacant orbits in them, the similar character of interaction with a "carbanion" is retained, which took place when the process proceeded in hydrocarbon media at low temperatures. Table 2 . Butadiene polymerization in hydrocarbon solvents in the presence ofpolar additives and in THF with alkali metal compounds
No. b OPC--organopota;:sium initiator, synthesized in system: metallic potassium mirror-toluene-isoprene. c KM wa.1 synthesized in system: metallic potassium-benzene-a-methylstyrene, the concentration of the latter being lower th.-m than the Iimit.
d Expt. 9 wd1 triethyiilmine addition, expts. I 1-16-in THF medium. e Naphthalen•' potassium. f KD, NaD-diphenyl potassium and diphenyl sodium correspondingly.
In 100 per cent highly electron-donor compounds (THF, dimethoxy ethane), solvates with a high degree ofsolvation (supposedly with 2 or more molecules of electron-donor) are formed from monosolvates. The absence of vacant orbits in these species leads to typical ionic pair formation and, as a result, co-ordination character is changed. The rate decrease during butadiene polymerization in THF solutions while passing from KR to NaR and, especially, to LiR observed in a wide temperature interval ( Table  3) , is probablv duF to the increase of electrostatic interaction of carban ion with 408 counterion in the ionic pair. This interaction value is decreased with the increase of ionic radius and with the decrease of ionization potential of alkali metal atom.
Recently, almost simultaneously and independently, results were published 15, 16 which describe the dissociation of ionic pairs into free ions. This indicates a sharp decrease in electrostatic interaction between carbanion and its counterion. A systematic determination of chain propagation rates in homo-and copolymerization processes of various monomers in the medium of THF with Na Counterion, made for the most part by Szwarc et al.17 enables one to draw certain general conclusions of the reaction character of carbanions and monomers.
I t follows from these data that in the processes studied, as weil as in radical polymerization, the less active carbanion is the more active monomer.
However, there is a considerable difference between these processes. In fact, in radical polymerization the radical activity predominates in chain propagation reactions and, therefore, the series ofmonomer activities during homo-and copolymerization are reciprocally inverse.
In the processes initiated by alkali metal compounds in electron-donating media, the carbanion usually has an extra negative charge, the electric field of which is of prime importance in the polarization of a monomer molecule entering the growing chain. Therefore, one can expect that the nature of monomer will influence the chain propagation reaction, in a considerably greater degree, than the nature of carbanion.
In fact, according to data abtairred during homo-and copolymerization of styrene, butadiene-1,3 and isoprene in THF, the monomer activities ratio follows the same sequence: isoprene < butadiene < styrenel8.
In hydrocarbon media it is very difficult to determine Kp, the propagation chain constant, due to polymer chain association phenomena, the association degree with the same alkali metal being considerably dependent on monomer nature. Thus, for example, it was discovered 4 that the number of polymer molecules in associates of Li-polymer chains in hexane solution is for styrene about 2, for polyisoprene from 3 to 4 and for polybutadiene from 5 to 6.
It was also shown 4 that a change in initiator concentration by more than 10 3 times up to 5 >< l0-5 mole/1. Ieads to very small changes of corresponding activation energies. This is indicative of high associate stability and constant composition. The experiments at considerably less [LiR] than 10-5, which could be used to determine Kp, meet great difficulties.
PROCESSES OF COMPLEX IONIC-COORDINATION POLYMERIZATION OF HYDROCARBON DIENES
The data listed above on alkali metal catalysed polymerization of hydrocarbon dienes and their analysis lead to the conclusion that, according to alkali metal nature, medium and temperature characteristics, active centres ofpolymer chain propagation reactions can be: (a) covalent bond r-...; C-i~vfe with various degrees ofits polarization depending on alkali metal nature and medium characteristics, (b) an ionic pair and, apparently, (c) free ions.
If one compares them with complex catalytic systems, some similarities as weil as considerable differences can be noted.
Since most of the complex processes proceed only in non-polar, preferably hydrocarbon, media, they should be regarded as coordination processes. These processes can be fully observed in polymerization in hydrocarbon solvents with Li-organic catalysts.
Thus, for the most part, polarized C-l\1e bond (Me-transition metal) serves as an active centre.
In complex polymerization one can sometimes observe that the medium exerts a considerable influence on the microstructure of the formed chains. Thus, for instance, Natta et al. have shown19 that in butadiene polymerization in the presence of Ni-bisallyl complexes the chain microstructure is considerably changed at the transition from benzene solutions to ether ones. However, in this case, the co-ordina6on change is contrary to that of alkali polymerization.
In both types of polymerization the two-stage mechanism of interaction of active centre with monomer is possible. Moreover, monomer coordination in a corresponding 1r-complex with a transition metal does not necessarily determine the link structure of the growing chain.
The main differences between these processes-alkali metal catalysed and complex polymerization-are due to the differences in properties of alkali and transition metals. The ability to be in various valent states, the tendency to various types of complex formation, different forms of donoracceptor interaction leading to the formation of considerably stable systems with electron deficient bonds and other properties oftransition metals create a distinct difference between the behaviour of alkali metal and transition metal compounds in polymerization processes.
Besides, in complex polymerization, systems consisting of compounds of transition metals with metallorganic compounds are used. The nature and structure of an active catalyst is not known in many cases. All this, together with high selectivity of these processes, creates great difficulties for their investigators.
Among these processes leading to the formation of hydrocarbon polydienes, the butadiene polymerization proceeding under the influence of complex cobalt catalysts is of great importance.
The system, discovered in 1957 by Italian scientists, is interesting because it is a homogcneous one and its application usually leads to the formation of mainly 1,4-cis-polybutadiene.
FUNDAMENTAL PECULIARITIES OF BUTADIENE 1,3 POLYMERIZATION UNDER THE INFLUENCE OF CATALYTIC SYSTEM R2AlCl-CoCl 2 (Py)2
Considerable research [20] [21] [22] [23] has been dedicated to a study of these processes. The work has led to interesting experimental observations and to some hypotheses concerning their mechanism.
However, many problems particularly those connected with a study of the kinetics of these processes have not been solved to date, and attempts to solve them have lead to contradictory results.
Therefore in the works26-29 of the Lomonosov Institute of Fine Chemical Technology in l\1oscow, the results ofwhich will be analysed in this part of my report, an attempt was made to somehow fill the gap. A system consisting of di-isobutyl aluminium chloride and a pyridine complex of cobalt chloride was chosen as catalyst.
The study of the kinetics of these processes, as was also shown by other authors21, 25 is connected with considerable experimental difficulties, first of all with the necessity to carefully purify the initial substances. It is especially difficult, because water ( even in small quantities) influences considerably and in a peculiar way the rate. The extent of this influence is difficult to determine and to dose by ordinary methods and demanded a considerable reorganization of investigation methods. A new procedure 2 8 was worked out which guaranteed kinetically reproducible results.
All the work in preparing and dosing the substances participating in the process, and in the experiments as well, were made in a completely sealed glass apparatus, repeatedly preconditioned by heating under high vacuum.
Butadiene was obtained through tetrabromebutane and, after usual purification, was kept over Iithium ethyl. Benzene, used as solvent, was treated by Iithium ethyl after usual purification and boiling with liquid potassium and sodium alloy.
A dilatometric method was used for the investigation. The catalyst components were introduced by breaking one after another thin-walled glass ampoules prefilled with solutions of initial substances under high vacuum. First, a solution of water in benzene was introduced into the butadiene solution, secondly the aluminium component of the catalyst-di-isobutyl aluminium chloride-was added into the thermostatic solution and, finally, the cobalt component--CoC1 2 (Py)2. The moment of cobalt component introduction was assumed to be the beginning of the reaction. The experiments were performed at 21 o ± 0·1, the butadiene concentration being Figure 4 shows that a sharp increase in polymerization rate up through a maximum followed by a sharp decrease occur in the narrow interval of [H20]o from 4·5 to 6·5 X 10-4 molefl. In the maximum region the process is stationary (the corresponding points in In this connection we could assume that stationary processes occur at constant effective [H20] concentration, while non-stationary ones are accompanied by unproductive water binding and, probably, by the realization of irreversible destruction of initial catalytic centres.
With the aim of confirming this assumption, investigations of polymerization rate change, induced by the water addition while the process proceeded, were conducted. These experiments were carried out under the If during process B we add water in such quantity that the general amount of water in the system will be equal to the amount of water added at the beginning of process A, the polymerization rate will sharply increase and remain permanent for a long time (process C). However, the process rate under these changed conditions ( Vc = 0·24 % min) is not only lower "' In the article where this dependance is given the curves were plotted somehow arbitrarily, which Iead to inaccurate representation of some regularities. Figure 4 is in exact conformity with experimental data, given in the table of the same article. than that of process A (VA = 0·65% min), but it is also smaller than the initialrate of original process B(VB = 0·44% min). These results indicate that under conditions of non-stationary polymerization not only reactions of irreversible water binding occur, but also reactions leading to the deactivation of catalytic system, i.e. destruction of initial catalyst active centres. In this connection one could expect that the water addition in the stationary polymerization process should Iead not to a rate increase, but to its decrease. Process E confirms this.
The experiment shows that the binding of water by complex catalyst components and its destruction are processes occurring in the time commensurable with the period of time of polymerization. Figure 7 shows the The results obtained confirm the assumption made before, that nonstationary processes are accompanied by binding water reactions and destruction of catalytic centres. During stationary processes these phenomena are absent. The character of the process--stationary or non-stationaryis determined only by initial conditions of experiments.
One ofthe interesting peculiarities ofpolymerization ofthe type considered is a peculiar dependence of changes of molecular weight of formed polymers on initial water concentration (Figure 9) . The problern of detailed mechanism of these processes is now the subject of many discussions, and it is as yet in the sphere of more or less probable assumptions. In any case the existing ideas are not altogether clear, and yet they cannot be included into kinetic examination of detailed mechanism of these processes.
However, on the basis of existing data the cobalt complex polymerization processes can be referred to as one of the types of coordination chain polymerization. I t also seems probable that the presence of a polarized P-Co bond in them is characteristic of complex active centres, and each act of chain growth is due to the entering of monomer molecules between metal and growing chain "root". The P-Co bond, being a part of the complex system is probably of a "bridge" type. These bonds are relatively stable and highly selective because, despite a change in concentration ratios of initial The results of the investigation led to the conclusion that formation of complex catalyst active centres proceeds at high rates (absence of delays, induction periods at the beginning of the process or absence of further rate increase). According to experimental da ta the ini tia tion rate no is proportional to (a) initial monomer concentration, ( b) effective cobalt concentrations ( concentration of active P-Co bond) and (c) to water, because water is the principal factor favouring the stabilization of growing polymerization (kinetic) chains. Then, the initiation rate can be presented as:
The aluminium component of the catalyst apparently also takes part in the active centre formation. It alkylates and reduces cobalt or stabilizes its lower valent states. However, as pointed out above, the change of When the processes occur according to the non-stationary mechanism, water binding and active centre destruction take place. These processes can be presen ted as two parallel reactions: By the first reaction which, according to concentration conditions can be considered monomolecular, water consumption is determined. The second one does not influence the effective water concentration, but is the principal cause of active centre destruction. From the rates ratio ofboth these reactions and further integration, [Co] = f([HzO]) can be determined:
The results of the kinetic study show that reactions of kinetic chain termination proceed according to the first order with reference to the growing chain concentration. The chain termination apparently occurs with interaction of growing chains and monomer. The independence of polyn~erization rate of monomer concentration changing in the process confirms this assumption.
Despite high selectivity of chain propagation reactions there might be a certain probability of monomer molecules introduction into growing chain in configuration, which does not correspond to active centre parameters. This is accompanied by the separation of polymer chain from cobalt dislocation which is kinetically presented by the reaction of growing chain termination. In this case the length of the kinetic chain y = (kpfkt), where POL YMERIZATION OF DIENE HYDROCARBO~S kp and kt are reaction constants of chain propagation and termination respectively, and overall polymerization rate
Equation (4) shows that Vpol increases with the increase of [H 2 0], but is limited by reactions of active centre destruction. Due to competition of these factors the curve describing Vpol = f([H20]) passes through a maximum at which the process is stationary.
Stationary processes are realized at [H20] = [H20] o 8 t. In this case the rate will be proportional to the maximum possible number of active centres in the system (4), with prevalent amount of R2AlCl in the system is not free water. Therefore, under the "effective water" concentration, is meant the total water "free" as weil as "not free", taking active part in polymerization process. In this case the equation [H20] = [H20]tt means that the whole amount of water introduced into the system at the beginning of the process is effective, i.e. it contributes to the formation of active centres and their stabilization either directly ( creation of equilibrium systems) or through intermediate compound formation. These compounds can be, for instance, those containing alkyl, alkoxy, OH or Cl groups. Some ofthem, in particular alumoxanes, as was shown in work3o, induce in combination with cobalt salts 1,4-cis polymerization of butadiene.
Particular emphasis should be placed upon the problern of molecular weights of formed polybutadiene. It was noted above that there is a conformity between polymerization rate increase and the increase of molecular weight of formed polymers (Figures 4 and 9) . However with only this observation one cannot conclude that there is direct relation between these processes and, moreover, that there is equivalence of mean values of kinetic chain length y and mean polymerization degree DP This correlation occurs only before the maximum is reached, and then the rate decreases and molecular weight increases. Besides, Figure 9 shows that with the increase of initial cobalt concentration the molecular weight decreases. These phenomena are especially weil presented in the zone of stationary processes ( corresponding points in Figure 4 are marked by dotted circles): the molecular weight sharply increases at cobalt concentration decrease, though y does not depend on [Co ] 0 • This dependence can be explained by the fact that during polymerization chain transfers occur in which the cobalt component of the catalyst might take part.
Basedon data shown in Figure 9 for the stationary process, this dependence is described by the following expression
This result seems rather strange. It is moreprobable that in the chain transfer reaction it is not the cobalt compounds which take part, but di-isobutyl alun1inium chloride which is in excess as compared to cobalt. Also data, on the basis of which the diagram in Figure 9 was plotted, were obtained at constant ratio [Al] 
1·66 1·14 0·50
If these data are plotted on the common diagram together with results shown in Figure 9 , they can be weil described by the following expression * as seen from Figure 10 .
From the intercept of straight line ( ~ 5 X 10-7) the mean length of polymerization (kinetic) chain can be estimated: the slope a in Figure 10 . ktr from whrch: kp = 4·7 X 10- 4 [M] (mole/1.) (8) i.e. ktrfkp is here not a dimensionless value as it should have been, if one proceeds from the sense of this ratio.
The explanation of these observations lies, apparently, in the following. Di-isobutyl aluminium chloride in hydrocarbon solutions is in equilibrium with an associated ( dimeric) form which is, apparently, an active chain transfer agent and causes the dependence on [Al] concentration given in equation 7 . We assume that the state of this equilibrium is determined not only by initial diisobutyl aluminium chloride concentration, but also by its interaction with butadiene ( donor-acceptor interaction, formation of 7T-complexes, etc.).
Because of this, ktr is not only a chain transfer constant, but it includes system equilibrium constants in which butadiene also takes part. The stabilizing role of butadiene in processes leading to initial active centre formation has already been pointed out before.
* Assumin~ that MTJ/ MYJ ~ 2, the mean polymerization degree can be considered proportional to MTJ : jjp ~ M~/2·54. 420 POLYMERIZATION OF DIENE HYDROGARBONS I t follows from data obtained that polymerization rates are determined by ( i) initial active centre concentration, n 0 , which is constant in stationary processes, but diminishes in non-stationary processes, and by ( ii) mean length of kinetic chains which, under assumed conditions of this investigation, does not change in value. The mean polymerization degree depends preferably on chain transfer reactions through dimeric form (iso-C4H9) 2-AlCl. The water addition in the stationary process always Ieads polymerization out of the regime and, therefore, the rate of the new process will always be smaller than the rate of the initial one.
SOME OBSERVATIONS ON KINETICS AND REGULARITIES OF COORDINATION DIENE POLYMERIZATIONS IN PRESENCE OF COMPLEX COBALT CA TAL YSTS
The treatment given above ofresults obtained with butadiene polymerization in the presence ofthe pyridine complex of cobalt chloride and di-isobutyl aluminium chloride should be regarded as a whole kinetic picture. Many of the results cannot as yet be interpreted from the point of view of detailed kinetics. The principal difficulties are due to the absence ofsufficient data on the nature of active centres and their structure.
I t follows from the data that the ability of catalytic centres to create polymerization (kinetic) chains is brought about by their interaction with water and monomer.
The number of these active centres depends on initial polymerization conditions. It rises with the increase ofwater but the steady system of equilibrium relations between reacting mixture components, which is characteristic of stationary processes, is not realized and, therefore, some centres are destroyed during polymerization.
Only at stationary processes is there created a stable equilibrium system of complex cobalt with corresponding ligands, on the nature of which depend the parameters of P-1-Ie bond (interatomic distances, the direction and degree of polarization and steric factors) and the polymer chain structure. A further increase of water leads to active centre destruction and to the reduction in their number.
The problern of the cobalt valent state in a complex catalyst still cannot be considered as completely solved, but the hypothesis 0f a monovalent state seems to be the most probable. This was suggested by Italian authors31 on the basis of the study of the cobalt complex composition and properties obtained by direct synthesis from equimolecular quantities of phenylaluminium sesquichloride and cobalt chloride.
This system kinetically differs from that in which water takes part, as one would expect from experiments, performed at the Lomonosov Institute, with an analogaus waterless system consisting of a pyridine complex of cobalt chloride, di-isobutyl aluminium chloride, aluminium chloride or isobutyl aluminium dichloride28.
When aluminium chloride is added to the reaction mixture in the concentrations similar to those of previously added water, butadiene is polymerized at a rate close to the stationary process rate in the presence of water.
The rate and the stationary character of the process in a concentration interval (from 3 to 6·6 molejl.) is found to be independent of added AlCl3 It is found that molecular weight is also independent of [AlCl3] and is approximately 4 times smaller than at the stationary process in the presence of water-other conditions being the same. An analogaus phenomenon is observed when isobutyl aluminium dichloride is introduced, the difference being only that at small RA1Cl 2 concentrations the rate is decreased ( Figure  11, Curves 2 and 3) .
The difference in kinetic behaviour between the systems containing water and those with AlCla or RAlCl2 apparently lies in the fact that water combines electron-acceptor and electron-donor functions, the latter inducing the transformation of an R-Me bond into an ionic pair as it occurs during alkali metal catalysed polymerization. In the case of cobalt these pairs are Time.min not stable and, therefore, the process is accompanied by irreversible catalytic system destruction. As was shown by I talian investigations3 1 the introduction of a strong electron-donor-tetrahydrofuran-into the system Ieads to the disproportionation of complex cobalt into CoCl2 and metallic cobalt.
The introduction into the system of compounds with strongly pronounced electron-acceptor properties, such as AICla, contributes to the coordination system stability. However the presence of weak electron-donor compounds does not Iead to the formation of ionic pairs. As was shown during butadiene polymerization in the presence of alkali metal compounds, it leads to an increase of R-Me bond polarity, as a result of which the coordination character is changed and the 1,2 link content is increased. In fact, it was proved by Dolgopolsk and others 32 that with addition of dialkylsulphide at molar ratio R2S/Al(iso-C4H9)2Cl from 0 to 3, the 1,4 cis-links content is decreased from 90 to 50 per cent, the 1,2 link content being correspondingly increased from 5 to 50 per cent.
The results ofSusa's work33 can probably be interpreted from this position. He reported the possibility of formation of syndiotactic 1,2-polybutadiene on a catalytic system with AlR3 or mixture of AlRa + R 2 A1Cl and CoC1 2 , the molar ratio of these components being higher than 1. The problern as to what type of polymerization the processes proceeding in the presence of complex cobalt catalysts should belong-to an anioncoordination type ("'"' p-o -Me + 8 ) or to a cation--coordination one ( !"..) P+o -Me- 8) has not yet been solved. Various investigations have attempted to solve this problern with the help of alcohols containing radioactive tracers. However, the use of 14C in alkyl and tritium in hydroxyl groups 34, 35, 36 have led to contradictory results. Natta and co-workers have thoroughly investigated the possibilities of this method and have come to a conclusion that it is not suitable for the solutionoftbis problem37.Nevertheless, on the basis of general ideas of ion-coordination processes, their kinetics and the facts given above, it is most likely that polymerization in the presence of cobalt complex catalysts proceeds according to anion-coordination type.
Information regarding polymerization of other monomers, except butadiene, on soluble cobalt catalysts is still limited. In one of their papers Bresler, Dolgoplosk and other present comparative data on butadiene and isoprene homopolymerization38, from which it is clear that isoprene is polymerized at a small rate and at conversion less than 10 per cent. According to Pasquon39, with the same conditions the rate of isoprene homopolymerization is 25-30 times lower than that of butadiene polymerization and the 1,4 links content in the polymer is only 60 per cent. According to Natta et al. 39 trans-1,3-pentadiene polymerization on soluble cobalt catalyst (cobalt compounds + dialkyl aluminium monochloride) Ieads to formation of a polymer with 1,4-cis-syndiotactic structure. Thus, systems with cobalt complex catalysts have high selectivity in relation to butadiene.
The sturlies of Pasquon et al.3 9 and Dolgoplosk et alßS on copolymerization of isoprene with butadiene and butadiene with 2,3-dimethyl butadiene on soluble cobalt catalysts are connected with the elucidation of the general problern of the influence of the link, preceding the end group of the growing chain, on the composition of the formed polymer. They need special consideration.
CONCLUSION
In conclusion a series ofinteresting recently published reports on butadiene polymerization in the presence of 7T-allyl nickel compounds should be noted.
Italian authors40 report that allyl nickel bromide solutions in benzene or alcohol polymerize butadiene at room temperature with formation of 1,4-trans-polybutadiene of low molecular weight. In diethyl ester solutions, on the contrary, 1,4-cis-links prevail in polymers, 1,4-trans-links measuring 21 per cent and only 1·2 per cent belong to 1,2-structures.
It is stated by Soviet authors41 that effective catalysts are formed at the addition of metal halides (AlCla, BCla, SnCl4, TiCl4, NiCl2, VCl4, VoCla etc.) to 7T-allyl or t-crotyl nickel bromide (or chloride). The utilization of these catalysts in benzene at 20-50°C Iead to polybutadiene containing from 90 to 95 per cent of 1,4-cis-links.
In connection with these results a series of interesting and new problems arise concerning the role of the allyl complex in initiation reactions, chain growth andin the regulation of polymer chains composition and structure. These problems can be solved as a result of further investigation of these interesting systems.
